Contrast in confocal microscopy of phase-separated monolayers at the air-water interface can be generated by the selective adsorption of water-soluble fluorescent dyes to disordered monolayer phases. Optical sectioning minimizes the fluorescence signal from the subphase, whereas convolution of the measured point spread function with a simple box model of the interface provides quantitative assessment of the excess dye concentration associated with the monolayer. Coexisting liquid-expanded, liquid-condensed, and gas phases could be visualized due to differential dye adsorption in the liquid-expanded and gas phases. Dye preferentially adsorbed to the liquid-disordered phase during immiscible liquid-liquid phase coexistence, and the contrast persisted through the critical point as shown by characteristic circle-to-stripe shape transitions. The measured dye concentration in the disordered phase depended on the phase composition and surface pressure, and the dye was expelled from the film at the end of coexistence. The excess concentration of a cationic dye within the double layer adjacent to an anionic phospholipid monolayer was quantified as a function of subphase ionic strength, and the changes in measured excess agreed with those predicted by the mean-field Gouy-Chapman equations. This provided a rapid and noninvasive optical method of measuring the fractional dissociation of lipid headgroups and the monolayer surface potential.
Contrast in confocal microscopy of phase-separated monolayers at the air-water interface can be generated by the selective adsorption of water-soluble fluorescent dyes to disordered monolayer phases. Optical sectioning minimizes the fluorescence signal from the subphase, whereas convolution of the measured point spread function with a simple box model of the interface provides quantitative assessment of the excess dye concentration associated with the monolayer. Coexisting liquid-expanded, liquid-condensed, and gas phases could be visualized due to differential dye adsorption in the liquid-expanded and gas phases. Dye preferentially adsorbed to the liquid-disordered phase during immiscible liquid-liquid phase coexistence, and the contrast persisted through the critical point as shown by characteristic circle-to-stripe shape transitions. The measured dye concentration in the disordered phase depended on the phase composition and surface pressure, and the dye was expelled from the film at the end of coexistence. The excess concentration of a cationic dye within the double layer adjacent to an anionic phospholipid monolayer was quantified as a function of subphase ionic strength, and the changes in measured excess agreed with those predicted by the mean-field Gouy-Chapman equations. This provided a rapid and noninvasive optical method of measuring the fractional dissociation of lipid headgroups and the monolayer surface potential.
lipid domains | lung surfactants | surface potential | phase behavior L ipid monolayers have long been used as a simplified model for cell membranes (1) (2) (3) (4) , especially for the study of 2D phase separation that may underlie the raft hypothesis of cell membrane organization (5) (6) (7) (8) . Monolayers are also of interest in the physics of ordering and dynamic processes in two dimensions such as the structure and flow of hexatic phases (9) (10) (11) . Additionally, all air-breathing mammals have a lipid-protein monolayer lining the lung alveoli to minimize surface tension effects on breathing; deficiency or disruption of this monolayer leads to potentially fatal respiratory distress syndrome in infants and adults (12, 13) . The general acceptance of complex monolayer and bilayer phase behavior, especially phase coexistence (14) (15) (16) and critical phenomena (7, 8, 17, 18) , has relied on the visualization of fluorescently tagged lipids segregated between phases in the monolayer. This segregation, due to differences in local molecular organization, provides the necessary contrast to visualize even subtle differences in packing density, molecular tilt, and short-and long-range ordering. Since the technique was introduced (14, (19) (20) (21) , visualization of the distribution of labeled lipids has settled numerous debates over the molecular organization of monolayers (2, 4, 22, 23) and bilayers (8, 24) .
However, fluorescently tagged lipids, like many of the other lipids in monolayers and bilayers, are effectively insoluble in the surrounding aqueous subphase and are trapped in the monolayer or bilayer. As a result, expelling the fluorescent lipid from one phase means concentrating the it in another phase, which can result in fluorescence quenching, alterations in the structures of both the less-ordered (dye-rich) and more-ordered (dye-poor) domains, or perturbations in the mechanical properties of the monolayer (25) . Increased fluorescence detector sensitivities and improved quantum efficiencies of fluorophores (26) have gradually decreased the overall mole fraction of fluorescent lipid required for visualization from 2 mol% in early experiments (14, (19) (20) (21) to ∼0.1-0.5 mol% in recent work (27) . Unknown concentration and quenching effects limit analysis to qualitative assessment of the fluorescence intensity distributions. The only alternative to fluorescently labeled lipids has been Brewster angle microscopy (BAM), in which the contrast in the image results from small variations in refractive index and/or interfacial thickness between different monolayer areas due to different phases, molecular density, or molecular tilt (3, (28) (29) (30) ).
Here we demonstrate that the selective adsorption of a watersoluble fluorophore from the subphase to the monolayer provides similar contrast to that of insoluble lipid dyes in confocal microscope images of liquid-expanded (LE), liquid-condensed (LC), and gas phase coexistence. The soluble dye provides this contrast by differential adsorption, preferring the least-ordered phases in the monolayer. The water-soluble fluorophore also provides contrast between coexisting immiscible liquid phases; the liquid-ordered (l o ) and liquid-disordered (l d ) phases can be differentiated even in the vicinity of critical points (18, 24) . The optical sectioning of the confocal microscope (31) allows the interfacial fluorescence of the monolayer-adsorbed dye to be visualized and rejects the fluorescence from the subphase, which is not possible with conventional wide-field microscopy. Isotherms, domain shapes, and size distributions are similar to those with fluorescently tagged lipids and to BAM images with no dye Significance Visualizing phase separation in monolayers at the air-water interface with fluorescence microscopy has, up to now, relied on image contrast provided by fluorescently tagged lipids. However, the tagged lipids are insoluble and cannot leave the interface, ultimately reaching high concentrations as the phase distribution changes. This can lead to alterations in phase behavior, domain shape, and fluorescence quenching. Here we show that a water-soluble dye in the subphase preferentially adsorbs into less-ordered monolayer domains and can provide quantifiable contrast in confocal microscopy images. The dye distribution in the double layer adjacent to charged monolayers can also be imaged quantitatively and used to rapidly assess the surface potential and the fractional dissociation of the monolayer lipids. This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. Email: zasad008@umn.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1419033112/-/DCSupplemental. (29, 30) . Unlike insoluble lipid dyes, the water-soluble dye concentration is set by equalizing the chemical potentials of the dye in the subphase with that in the monolayer to establish a dynamic equilibrium between the monolayer and the subphase. The chemical potential of the dye in the monolayer likely depends on the temperature, surface pressure, and the local ordering of the monolayer. As a result, the dye is not concentrated in the LE (or l d ) phase as the fraction of LC (or l o ) phase increases. Instead, the dye concentration in the monolayer adjusts to constantly equalize the chemical potentials. We find different absolute adsorptions depending on temperature, monolayer composition, and surface pressure, which may be helpful in determining the composition of the disordered phases.
Moreover, the contrast in the images can be quantified to determine the local fluorophore concentrations. Deconvolution of the confocal microscopy images of monolayers in contact with a subphase of soluble dye allowed for the quantification of the adsorption and desorption kinetics of the fluorophore. The rate of dye adsorption can be described with classic Langmuir adsorption kinetics and saturates in a few minutes. In addition to determining the quantity of dye coadsorbed with the monolayer, optical sectioning can also determine the distribution of labeled species distributed between the subphase and the monolayer. This allowed us to determine the surface potential and fractional ionization of an anionic dipalmitoylphosphatidylglycerol (DPPG) monolayer. We compared the measured excess cationic dye within the electric double layer with the predictions of the GouyChapman theory combined with a mass-action model for the dissociation equilibrium of DPPG (32, 33) . There was excellent agreement between theory and experiment for an optimal headgroup pK a of 2.4 over a range of subphase ionic strengths. Conventional monolayer surface potential measurements using the Kelvin vibrating capacitive probe give only the combined surface potentials of the monolayer-water and monolayer-air interfaces (33) ; it can be difficult to separate the two potentials quantitatively.
We expect that the approach presented here can be extended to quantify the distribution of a variety of labeled proteins, polymers, and other materials of interest in the vicinity of monolayers at the air-water interface, using confocal microscopy (34) (35) (36) (37) . The method may also be amenable to determining local fluorophore concentrations near liquid-liquid and liquid-solid interfaces to further address issues of ion distributions and modifications to Gouy-Chapman theory (38) . Fig. 1A shows isotherms of dipalmitoylphosphatidylcholine (DPPC) at 21°C, with and without 0.05 mol% Texas Red conjugated to the headgroup of dipalmitoylphosphatidylethanolamine (TR) on a pure water subphase or on a subphase containing 15 nM Rhodamine 123 (Rh123). DPPC isotherms with TR in the monolayer and/or Rh123 in the subphase were all identical to DPPC isotherms with no dye present. Coexistence between the LE and LC phases occurred at a surface pressure of 7 mN/m as indicated by the plateau in the isotherm. During phase coexistence, the lipid-conjugated dye was excluded from the more-ordered LC phase, thus generating the contrast in the images (2) . Rh123 in the water subphase also preferentially adsorbed into the LE phase (Fig. 1B) , as demonstrated by the colocalization of red (TR) and green (Rh123) fluorescence. In the absence of a DPPC monolayer, Rh123 had a featureless lateral distribution as it was uniformly distributed in the subphase. The shape, size, and number density of the LC domains remained the same as with the lipid-conjugated TR, suggesting that Rh123 did not alter either the line tension between the phases or the local dipole density difference (23, 39) .
Results and Discussion
Axial Intensity Distributions. Optical sectioning by the confocal microscope allowed for the determination of the axial distribution of fluorescence intensity from the monolayer into the subphase (Fig. 2) . At a given surface pressure or surface area, a series (z-stack) of images from 7 μm above to 10 μm below the air-water interface of the trough was acquired at 0.5-μm intervals (Fig. S1 ). The 0.5-μm interval satisfied a twofold oversampling beyond the expected resolution according to the Rayleigh criterion (40) . An entire z-stack required 25-40 s to acquire. The fluorescence intensity of each image was averaged and plotted as a function of its axial location with the interface (typically the maximum in fluorescence intensity) located at zero. Fig. 2 shows three representative axial fluorescence intensity profiles. The profile of a TR-labeled DPPC monolayer at the air-water interface with no subphase Rh123 had a symmetric, Gaussian-like shape due to broadening of the true monolayer fluorescence profile by the optics of the confocal microscope ( Fig. 2A) . A TR-labeled monolayer provided a near δ-function object (compared with the resolution of the microscope) when imaged in the axial direction. The resulting image profile in Fig.  2A represented the convolution of the microscope point spread function (PSF) with this δ-function object. Therefore, the image profile of the TR-labeled DPPC monolayer was simply the experimental PSF of the microscope (the convolution of any function with the δ-function returns the original function; the absolute intensity is normalized to the maximum intensity in the z-stack; see SI Materials and Methods for details). We used this experimental PSF to determine the resolution of the microscope and correct any defects in the optics or experimental conditions.
The axial fluorescence profile of a water subphase containing the soluble dye Rh123 with no lipid monolayer present (Fig. 2B , no DPPC added) showed a characteristic sigmoidal shape. This shape represented the convolution of the experimental PSF with a step change in fluorescence intensity at the air-water interface (Fig. S2) . At the concentrations used, Rh123 did not induce a change in surface tension of the air-water interface by itself, suggesting that the dye was not surface active. Consistent with this observation, no preferential accumulation of the fluorescence intensity at the interface was observed. Further into the subphase, the fluorescence intensity remained constant, consistent with a fixed bulk concentration of Rh123.
As expected from the images in Fig. 1 , the axial fluorescence profile was quite different in the presence of a DPPC monolayer (Fig. 2B, DPPC added ). An asymmetric peak in fluorescence intensity at the interface decayed to a constant subphase fluorescence far from the interface. This image profile was the convolution of the PSF with a near δ-function of Rh123 adsorbed to the DPPC monolayer and an adjacent uniform distribution in the bulk. As this uniform fluorescence intensity can be related to the known Rh123 concentration in the bulk, it provided an absolute relationship between local fluorescence intensity and fluorophore concentration.
The experimentally determined PSF and the reference bulk fluorophore concentration were used to determine the excess Rh123 concentration in the interfacial zone, which was roughly 1 μm deep into the subphase (or about half the width of the PSF). Because a z-stack required less than 1 min to acquire, the time evolution of Rh123 adsorption to a DPPC monolayer could be observed. An unlabeled DPPC monolayer was deposited at the air-water interface at an initial area per molecule of 96 Å Fig. 4 ). This squeeze-out of Rh123 from the interface manifested as a loss in the peak in fluorescence intensity at the interface; the axial profiles changed from Gaussian-like to sigmoidal (as in Fig.  2B ). To determine the rate of Rh123 adsorption, the trough was rapidly expanded (at 500 cm 2 /min) from a surface pressure of 20 mN/m (zero Rh123 adsorption) to a surface pressure of 4 mN/m to give a single-phase LE monolayer (the choice of 4 mN/m was arbitrary and no hysteresis in the phase transitions was observed). After expanding the monolayer and allowing time for the interface to settle, a series of z-stacks was acquired with the first z-stack started within 15 s of beginning trough expansion. The rapid expansion from the LC to the LE phase was done to ensure minimal dye was present in the LE phase monolayer before starting the z-stacks.
The amount of Rh123 adsorbed to a DPPC monolayer was quantified by deconvoluting the measured fluorescence intensity profile with the experimental PSF, using a two-box model. The interface box was made narrow compared with the width of the PSF and represented the excess fluorescence intensity at the interface. The bulk box represented the constant fluorescence intensity in the bulk (Fig. 3A) . Similar box models are used successfully to deconvolve X-ray or neutron reflectivity data (41, 42) . The height of the interface box was proportional to the surface excess of Rh123 relative to the bulk concentration, whereas the height of the bulk box represented the known bulk fluorophore concentration. The width of the interface box used did not matter as long as it was small compared with the half width at half maximum of the PSF (∼1.3 μm). The height of the measured surface excess intensity peak relative to the subphase intensity strongly depends on the width of the PSF and hence the axial resolution (Fig. S3) . Hence, trying to estimate the excess interfacial concentration by simply comparing the measured interfacial intensity peak to the average subphase intensity can be misleading (43) . Fig. 3B shows the evolution of the excess surface concentration of Rh123 at the interface as a function of time.
The adsorption of Rh123 to a DPPC monolayer was modeled using Langmuir adsorption kinetics characterized by adsorption, k a , and desorption, k d , rate constants along with a total number of sites for adsorption, S tot (SI Materials and Methods). before the z-stack could be initiated (Fig. 3B) , and [Rh123 0 ] is the fluorescence intensity associated with this initial value. Fig.  3C shows that the fluorescence intensity approached saturation in ∼10 min, but even the initial intensity was sufficient to generate good contrast in images. A simple Langmuir model provided the following kinetic equation for adsorption:
The fitting parameters for the data in Fig. 3C included an effective time constant, β = k a ½Rh123 + k d , the equilibrium surface excess, ½Rh123 eq = k a S tot ½Rh123, and [Rh123 0 ]. We found k a = 0.010 nM
, and S tot = 900 molecules/μm 2 ( Table S1 ). The saturation concentration of Rh123 in the monolayer according to this Langmuir model was ∼10 −3 molecules/nm 2 , compared with the roughly two lipids/nm 2 in a typical lipid monolayer, so the dye was always dilute (about 0.1 mol%, the same order of magnitude as typical lipid dyes) and did not influence the isotherms (Fig. 1A) . However, S tot likely depends on the lipid headgroup and saturation (see Fig. 5 ).
Quantifying Fluorescence in the LE Phase and at Coexistence. Fig. 4 shows isotherms and the surface excess of Rh123 for a DPPC monolayer as a function of surface pressure at 21°C, 25°C, and 30°C. Rh123 distinguished between the LC and LE phases, which are differentiated by the alkane chain ordering, thus suggesting that the dye inserted into the hydrophobic regions of the DPPC monolayer. Rh123 has an aromatic ring structure that gives it substantial hydrophobic character and is incompatible with the alkane-chain packing in the crystalline LC phase. A semilog plot of the excess fluorescence showed two distinct, nearly linear regimes (Fig. 4B ). The break in the slope occurred at the onset of visible LC phase domains from which the dye was excluded (Fig.  S3 ). Rh123 adsorption changes with surface pressure, because to adsorb, a molecule has to do work against the surface pressure,Π, of the monolayer. This work is equal to Πa 0 , in which a 0 is the cross-sectional area of Rh123. The fraction of molecules capable of doing this work is given by f ≈ expð−Πa 0 =k B TÞ; as the measured fluorescence intensity is proportional to f, ln f ≈ −Πa 0 =k B T. The initial slope for all three temperatures up to the break in the curves is roughly the same as a 0 is the same, and the absolute temperature, T, changes by only 3%.
After the break in the curves at the surface pressure corresponding to the onset of the LC phase, the excess dye concentration in the monolayer rapidly decreased as the fraction of LC phase decreased. The curves all had similar shapes, suggesting the same basic process was in operation. The excess dye should be proportional to the fraction of LE phase present (for a onecomponent DPPC monolayer, the composition of the LC and LE phases stays the same). At coexistence, the fraction of LE phase decreases as the area per molecule, A, decreases at nearly constant Π between A LE and A LC , the areas per molecule at the beginning and end of the coexistence plateau in the isotherms, respectively (Fig. 4A ). Fig. 4B shows the measured fluorescence intensity as a function of area per molecule, along with fits (dotted lines) to f = f LE ðA − A LC Þ=ðA LE − A LC Þ, in which f LE is the constant fluorophore excess in the LE phase at the onset of coexistence. The fits represented the measured data quite well except for some hysteresis where the measured fluorescence intensity was greater than the fit, especially at the lowest temperature where exchange and equilibration with the subphase were slowest (Fig. S4) .
Rh123 also preferentially adsorbed into the LE phase of a mixed DPPC:palmitoyloleoylphosphatidylglycerol (POPG) (80:20 mol%) monolayer (Fig. 5) . Ejection of the dye occurred at a surface pressure of 40 mN/m when the LC domains were closely packed. The surface excess of Rh123 remained constant up to the nucleation of the LC domains at 18 mN/m, with ∼1,500 molecules/μm 2 adsorbed to the interface. Interestingly, this exceeded the surface excess of Rh123 in the LE phase of DPPC by at least 10-fold for the same 15-nM Rh123 subphase concentration. The enhanced Rh123 adsorption into the mixed monolayer likely resulted from a combination of the unsaturation and the negative charge of POPG. Increasing the surface pressure induced formation of the LC phase, thereby decreasing the total surface excess until the monolayer was essentially entirely in the LC phase by 40 mN/m.
Unlike the single-component DPPC monolayer, the surface excess increased in the LE phase across coexistence in the mixed DPPC:POPG monolayer (Fig. 5) . When compensated for the area fraction of the LE phase in the monolayer, the surface excess in the LE phase doubled (Fig. 5, open circles) . This increase in surface excess demonstrated that in the mixed monolayer, the LE phase composition did not remain constant. Pure DPPC has a LC-LE transition around 7 mN/m at 25°C (Fig. 4) , whereas pure POPG is in the LE phase at all surface pressures. Therefore, in the mixed monolayer, the LC domains likely consisted of nearly pure DPPC. As a result, the LE phase became increasingly rich in POPG as DPPC formed LC domains as shown by the large increase in surface excess of Rh123 adsorbed to the LE phase of the mixed DPPC:POPG monolayer at the start of coexistence at ∼18 mN/m. As the surface pressure was increased above 30 mN/m, the area fraction of LE phase was very small, The surface excess of Rh123 in the monolayer decreased upon compression of the LE phase before coexistence as well as during the formation of LC phase domains where the fractional area of the LE phase decreased, but the surface excess of dye in the LE phase remained approximately constant. The dotted lines are fits to f = f LE ðA − A LC Þ=ðA LE − A LC Þ, in which f LE is the constant fluorophore excess in the LE phase at the onset of coexistence at area per molecule A LE , and A LC is the area per molecule at the end of coexistence. Except for some hysteresis at 21°C, the fits were good, confirming that the dye maintained a constant concentration in the LE phase. and the SDs in the surface excess of Rh123 became large. However, within error, the excess Rh123 concentration was roughly constant in the LE phase, although much higher than in the single LE phase of mixed DPPC:POPG at lower surface pressure.
In single-component DPPG monolayers, Rh123 adsorption can differentiate between the gas, LE, and LC phases at and around the triple-point temperature. At 18°C, below the triplepoint temperature, the DPPG isotherm showed a direct transition between the gas phase and the LC phase (Fig. 6) . Rh123 was more soluble in the gas phase compared with the LC phase, resulting in small, dark LC domains in a green background (Fig. 6 , 18°C and 80 Å 2 ). Upon further compression to 2 mN/m, the LC domains grew in size and number density. At 15 mN/m, the monolayer was essentially all LC phase with Rh123 being excluded from the monolayer at the air-water interface. However, instead of being completely dark, some Rh123 associated within the double layer adjacent to the anionic DPPG film, likely due to the increasing negative charge density of the film as it was compressed (see Fig. 8 and analysis) .
At 22°C, the triple-point temperature, Rh123 was used to distinguish between three coexisting phases: the dark-green gas, bright-green LE, and black LC phases at large molecular areas ( ). With increasing surface pressure, images showed a LC phase that slowly became brighter, with small areas of a slightly brighter LE phase (Fig. 6, 22°C and 10 mN/m) . At 26°C, above the triple-point temperature, bright LE domains grew out of a dark-green gas phase (Fig. 6, 26°C and 
in a continuous, bright LE phase. DPPG domains are typically larger and more dendritic than the DPPC LC domains and do not exhibit chiral shapes (compare Fig. 6 to Fig. 1 ).
Rh123 adsorption also generated image contrast between the immiscible l o and l d phases. Fig. 7 shows that the surface pressure for the miscibility critical point for a monolayer of DPPC with 30 mol% dihydrocholesterol (DChol) at 24°C was 1.0-1.1 mN/m on a subphase containing 10 nM Rh123, similar to previously reported values (44) . Like lipid-associated dyes, Rh123 preferentially adsorbed into the DPPC-rich l d phase. At high-molecular areas during the first compression (Fig. 7, Top row) , the monolayer consisted of bright, round l d domains in a continuous dark background of l o phase. Further compression caused the round domains to form stripes at 1.1 mN/m and then a single, homogenous phase. The transition between circular and stripe domains is characteristic of a critical point due to the line tension between domains approaching zero (6, 8, 18) . The mixing was reversible, as the single, homogenous liquid phase demixed during expansion of the monolayer (Fig. 7, Middle row) . A second compression of the monolayer again caused the two immiscible liquid phases to undergo the circle-to-stripe transition at 1.0 mN/m and remixed above the miscibility critical point (Fig. 7, Bottom row) .
The surface excess of Rh123 in the bright domains during liquid-liquid immiscibility calculated via optical sectioning was 210 ± 30 molecules/μm 2 . This value was similar to that of the LE phase of DPPC at 25°C at a similarly low surface pressure on a 10-nM Rh123 subphase (Fig. 4) . From the phase diagram of DPPC-dihydrocholesterol, the composition of the l d phase is close to pure DPPC, and the properties of the phase should be very similar to those of the LE phase of DPPC (44) . Therefore, the similarity in Rh123 adsorption between a pure DPPC LE phase and the mixed DPPC:DChol l d phase suggested the possibility of qualitatively determining the composition of the disordered phases from analysis of the excess dye adsorption during phase separation. In the future, it may be possible to develop detailed correlations between dye adsorption, composition, and surface pressure to allow for quantitative analysis of different phases from individual images. Fig. 8 shows the adsorption of Rh123 to a mixed DPPG:palmitoyloleoylphosphatidylcholine (POPC) monolayer. DPPG forms LC phase domains in a continuous LE phase in mixtures with unsaturated POPC, similar to the DPPC:POPG films in Fig. 5 . At low surface pressures, Rh123 strongly adsorbed to the POPC-rich LE phases, the same phase occupied by the TR included in the lipid monolayer (Fig. 8, red Insets). The water-soluble Rh123 appeared to be excluded from the LC phase at low surface pressures (less than ∼30 mN/m) and the image contrast was similar to that of DPPC:POPG films (Fig. 5) and that generated by TR. However, as the surface pressure increased to 40 mN/m and greater, the difference in contrast between the LE and LC phases decreased. Rh123 was associated with the LC phases of DPPG:POPC at higher surface pressures, but the contrast was not uniform over the LC domains. Instead, the fluorescence intensity peaked in the center and decreased toward the edges of the domains. Image contrast remained even at 57 mN/m where the LE phase has essentially disappeared, revealing discrete domains of LC phase. Fig.  8 , Lower Right, Inset shows that TR-DPPE provided no contrast between the domains at 57 mN/m. This suggested that Rh123 was not adsorbed into the monolayer itself, but was concentrated in the double layer in the subphase associated with the anionic monolayer.
Analysis of the Double Layer. To confirm that Rh123 was concentrated in the double layer adjacent to DPPG at high surface pressures, we measured Rh123 fluorescence as a function of ionic strength of the subphase. Rh123 fluorescence intensity and surface excess adjacent to pure DPPG monolayers decreased by almost two orders of magnitude as the ionic strength increased from 1 μM to 100 μM (Fig. 9) . This would not be the case if the Rh123 adsorbed into the hydrophobic portion of the monolayer (no difference in contrast of DPPC monolayers at coexistence was observed depending on ionic strength). Rather, due to the dissociation of the anionic DPPG, a double layer was present in the subphase immediately adjacent to the monolayer that concentrated the cationic Rh123, allowing us to use the images to estimate the fractional dissociation of DPPG and the monolayer surface potential. The surface potential can be related to the surface charge density and the fractional dissociation of the DPPG monolayer by combining Gouy-Chapman theory with the law of mass action for the dissociation equilibrium of DPPG (45) (46) (47) . Ions in solution are distributed differently when in the presence of an electric potential, ψ:
e is the electron charge (1.6022 × 10 ) and « is the dielectric constant (78 for water). For a symmetric, 1:1 monovalent electrolyte (z i = ±1), with the boundary condition ðdψ=dxÞ x→∞ = 0, Eq. 3 is integrated to give (46) . Phase behavior of a DPPG monolayer at and around its triple point visualized with the watersoluble fluorophore Rh123. At 18°C, the gas phase coexisted with the LC phase without an intervening LE phase. At 26°C, there was a clear LC-LE coexistence plateau (isotherms, Top). DPPG exhibited a triple point at 22°C at which the gas, LE, and LC phases coexisted at large areas per molecule. At 18°C, Rh123 preferentially adsorbed to the gas-phase fraction of the monolayer. (Bottom) At 80 Å 2 , small domains of LC phase (dark) coexisted with a continuous, bright gas phase. As the surface pressure was increased to 2 mN/m, the fraction of LC phase increased until the entire film was LC phase (at low surface pressures, the area per molecule was more accurately measured than surface pressure). At the triple-point temperature of 22°C, three distinct fluorescence intensities were visible at 85 Å 2 : a dark green, continuous gas phase with small domains of brighter LE phase and dark LC domains. Decreasing the molecular area showed the coexistence of the bright green LE phase, the dark green gas phase, and the black LC phase. At 26°C, contrast was reversed with the bright LE phase nucleating out of a dark gas phase. By 2 mN/m, there was a single LE phase. Upon further monolayer compression at 3 mN/m, the dark, dendritic shapes of the LC phase of DPPC appeared. At all temperatures, the dark LC phase became brighter at high surface pressures (above about 10 mN/m) as the Rh123 became concentrated in the electric double layer adjacent to the DPPG monolayer. The subphase for all samples consisted of water containing 15 nM Rh123.
Eq. 4 can be integrated (46) , defining the surface potential as ψðx = 0Þ = ψ 0 ,
with κ −1 being the Debye length:
To maintain electroneutrality, the total counterion charge in the subphase must be equal and opposite to the surface charge density (46):
Combining Eqs. 4 and 7 gives a relationship between σ and ψ 0 :
The surface charge density is related to the fractional dissociation of the DPPG headgroup, α, the area per DPPG molecule, A, and the electron charge, e:
The fractional dissociation is related to the bulk pH, pH b , and the intrinsic pK of the reaction DPPG ⇔ DPPG − + H + (47): ] is the bulk hydrogen ion concentration. This assumes ideal mixing behavior in both the monolayer and the double layer. From Eq. 10d, the fractional dissociation, α, can be determined at the bulk pH of interest, pH b = 5.7, for the data presented in Fig. 8 incidence X-ray diffraction at 50 mN/m at these conditions (47) . From α and Eqs. 8 and 9, both σ and ψ o can be determined, and then ψ(x) can be evaluated from Eq. 5. The concentration profile of Rh123 in the double layer, c Rh123 , can be determined from Eqs. 2 and 5; c Rh123 (x) can then be integrated numerically from x = 0.5 nm (the approximate radius of an Rh123 molecule and the distance of closest approach to the monolayer, which is taken to be at x = 0) to 5 Debye lengths, (κx = 5, where the potential and the dye concentration go to their bulk values) to determine the excess Rh123 per unit area located in the double layer. Fig. 9 shows the theoretical (lines) and measured (diamonds) surface excesses of Rh123 within the double layer of a monolayer of DPPG at 50 mN/m at pH 5.7 on subphases of different ionic strength. The experimental values were determined by optical sectioning and deconvoluting the fluorescence intensity distribution with a two-box model. The width of the PSF of the microscope was sufficient that all of the excess Rh123 in the double layer was within the interface box, and the known bulk phase Rh123 concentration was used as an internal calibration for the bulk box (Fig.  3A) . The ionic strength was varied by adding 0 μM, 1 μM, 10 μM, or 100 μM NaCl to the subphase; the total ionic strength represented contributions from the added NaCl, the dissociation of water, the Rh123, and counterions from the DPPG molecules.
The theoretical surface excesses of monovalent cationic Rh123 were calculated using the Gouy-Chapman model for the double layer for different intrinsic pK a values of the DPPG headgroup at 26°C (Eqs. 6-10). Fig. 9 shows that for an intrinsic pK a of 2.4 the measured and theoretical values of the excess dye concentration are in excellent agreement over the range of ionic strengths. Previous measurements of the pK a of phosphatidylglycerols in monolayers and bilayers in contact with water range from about 1 (47, 48) to 2.9 (49). The fractional dissociation, surface charge, and surface potentials determined from the Gouy-Chapman theory are presented in Table 1 . The fractional dissociation, and hence the surface charge density, increased with increasing ionic strength, although the surface potential decreased. Even though the DPPG monolayer used here was laterally homogenous, it may be possible in the future to determine lateral distributions of the surface potential in phase-separated films, using a similar approach.
Although we found excellent agreement between theory and experiment for an optimal value of the pK a with no additional adjustable parameters (Fig. 9) , the Gouy-Chapman theory is known to overestimate the ion concentration near the interface, where the mean-field, point-charge, and ideal solution approximations of the theory break down due to nonideal mixing, ion correlation, and finite ion size effects (38, 42, 50) . For 100 μM NaCl in solution, the Gouy-Chapman model predicts a surface concentration (x = 0 in Eqs. 1 and 5) of Na + of ∼1 M, which is excessive. Hence, the model likely overestimates the excess dye concentration in the double layer as well, suggesting that the DPPG pK a might be lower. A more sophisticated analysis of the double-layer concentration profile is warranted, but is beyond the scope of this paper.
The relative simplicity of the excess fluorescence measurements used here could provide a wealth of testable information for new models of the double layer. As of now, there are few measurements of the counterion concentration in the vicinity of a fluidfluid interface. The distribution of ions at an organic liquid-water interface required the use of synchrotron X-ray reflectivity and extensive modeling (38, 42, 50) . In a monolayer in a Langmuir trough, we have control over the monolayer composition, the area per molecule, the local molecular organization including molecular tilt, the subphase ionic strength, and temperature that would be difficult to control in other experiments (24) (25) (26) . However, we are limited to relatively high surface potentials, requiring dissociating lipid monolayers and low total ionic strengths. Conventional monolayer surface potential measurements using the Kelvin vibrating capacitive probe measure the combined surface potentials of the monolayer-water and monolayer-air interfaces and require certain assumptions to separate the two potentials, which can be done only semiquantitatively (33) . As a result, there are significant uncertainties in monolayer surface potential, especially for dissociating lipids, with similar uncertainties in describing ion distributions in the double layer. Scanning Kelvin force microscopy has also been used to map the surface potential distribution Fig. 9 . Theoretical (lines) and measured (diamonds) surface excesses of Rh123 within the electric double layer adjacent to a monolayer of DPPG at 50 mN/m and pH 5.7 on subphases of different total ionic strengths at 26°C. The experimental values were determined by optically sectioning the interface with the confocal microscope and deconvoluting the axial fluorescence intensity profiles with a two-box model as in Fig. 3A . The known bulk concentration of Rh123 was used as an internal calibration. The theoretical surface excess values were calculated using the Gouy-Chapman model for the double layer for different intrinsic pK a values of the DPPG headgroup, using an area per DPPG molecule of 0.45 nm 2 . The best agreement between experimental and theoretical surface excesses was for a pK a of 2.4. The fractional dissociation, surface charge, and surface potentials are presented in Table 1 . Table 1 . Calculated properties for a DPPG monolayer at a bulk pH of 5.7 and a headgroup pK a of 2.4 at different ionic strengths (Fig. 9 The Gouy-Chapman model of the double layer was used to evaluate the fractional dissociation, which in turn gave the surface charge, surface potential, and surface excess of fluorescent molecules in the double layer.
of hard surfaces, but cannot be used for mobile, air-water interfaces (51) .
Selecting an Appropriate Water-Soluble Fluorophore. To determine the important features of a soluble dye for labeling monolayers, we examined a variety of anionic and cationic soluble dyes. The anionic dye carboxyfluorescein shares many structural similarities with Rh123, but did not adsorb to the LE phase of a DPPC monolayer, whereas it did adsorb to the LE phase of a mixed DPPC:POPG monolayer. Alexa Fluor 488, another anionic dye, shares a similar structure with both carboxyfluorescein and Rh123, but did not adsorb to the LE phase of DPPC or DPPC:POPG films. Calcein, which can have multiple negative charges depending on pH, did not adsorb to DPPC or DPPC:POPG films. Acridine Orange, a cationic dye, adsorbed to the LE phase of DPPC and DPPC:POPG films, but appeared to change the packing and size of the LC domains at coexistence, suggesting that the dye was line active. Additionally, the axial profiles of Acridine Orange alone in the water subphase of the Langmuir trough show a higher interfacial fluorescence compared with the subphase fluorescence. This indicated that Acridine Orange was slightly surface active and/or its fluorescence intensity increased in the vicinity of the airliquid interface. Both of these scenarios were unacceptable when quantifying the surface concentration of dye. In this limited survey, cationic dyes adsorbed better than anionic dyes, consistent with the negative surface potential and enhanced concentration of the cationic dye in the vicinity of an anionic lipid interface. Still the dissociation was small even for a pure DPPG monolayer (5-17%, Table 1 ) over the conditions examined here, so most of the lipid molecules in the interface were effectively neutral. Overall, there was more adsorption to the disordered phases of unsaturated lipids than to the LE phase of saturated lipids, but the details of the fluorophore are important and not yet understood. Hence, whereas Rh123 was optimal for the studies reported here, one must carefully select a water-soluble fluorophore by checking properties such as surface activity, effects on monolayer electrostatics, effects on monolayer phase behavior, and partitioning into the disordered phase of lipid monolayers.
Conclusions
The water-soluble, cationic fluorophore, Rhodamine 123, provided equivalent, if not superior, contrast to traditionally lipidbased fluorophores in phase-separated lipid monolayers. Rh123 did not affect the phase behavior of any of the monolayers examined. An advantage of using Rh123 resulted from its uniform subphase concentration, which was used as an internal reference to quantify the amount of dye adsorbed to the monolayer, using a deconvolution method developed here. Optical sectioning was used to demonstrate that the adsorption of Rh123 to the LE phase of DPPC followed a simple Langmuir adsorption model and occurred over a minutes-long timescale.
The Langmuir trough provided a controllable system with which to manipulate interfacial systems with concurrent visualization via microscopy. Confocal microscopy allowed for quantitative determination of axial distributions of material across the air-water interface. In addition, the multichannel acquisition of the confocal microscope allows for the visualization of multiple components in the system simultaneously. Rh123 selectively adsorbed to the disordered phases present to provide image contrast between liquidexpanded and liquid-condensed phases in DPPC and DPPC-POPG monolayers; between gas, liquid-expanded, and liquid-condensed phases in DPPG monolayers at the triple-point temperature; and between the liquid-ordered and liquid-disordered phases of DPPCcholesterol at the critical surface pressure. The soluble Rh123 segregated in the same way as do the insoluble lipid-tagged fluorophores such as TR, but, unlike TR, Rh123 remained in dynamic exchange equilibrium between the monolayer and the subphase. The dye did not concentrate in the disordered phases as the surface area or surface pressure was changed as is the case for lipidconjugated dyes that are insoluble in the subphase.
In addition to providing contrast in lateral images, the adsorption of soluble Rh123 can be quantified by deconvoluting the images with the measured point spread function of the confocal microscope and a simple two-box model of the interface. The excess concentration of Rh123 in the double layer adjacent to a DPPG monolayer was measured and compared with theoretical predictions, using Gouy-Chapman theory, with excellent agreement over two orders of magnitude of ionic strength. From the images and theory, we evaluated the fractional dissociation of the monolayer, the surface charge, and the surface potential.
Our work demonstrates that conventional confocal microscopy coupled with a Langmuir trough provides for 3D imaging of fluorescent species at air-liquid interfaces. Subphase-soluble fluorescent probes can be used to measure a variety of properties of interfacial films, using the methodology described here. Additionally, many established techniques can be implemented with the Langmuir trough to measure surface properties while simultaneously visualizing interfacial phenomena. Further improvements in the acquisition speed of confocal microscopes will allow for faster kinetic events to be studied. Finally, the approach here could possibly be extended to emerging superresolution techniques to probe the morphology of interfacial systems with resolutions beyond the diffraction limit of light.
Materials and Methods
Materials. Ultrapure water (resistivity of at least 18.0 MΩ·cm) was supplied by a Milli-Q Gradient A10 system (Millipore). All phospholipids were purchased from Avanti Polar Lipids, whereas the TR was obtained from Invitrogen. The cationic fluorophore Rh123 was purchased as a lyophilized powder from Sigma-Aldrich, prepared as a 0.1 mg/mL stock solution in ultrapure water, and stored at room temperature. The concentration of the Rh123 stock solution was verified using absorbance spectroscopy at 500 nm, assuming a molar extinction coefficient of 75,000 cm
Langmuir Trough. A custom-built, low-profile Langmuir trough allowed for simultaneous surface balance measurements coupled with visualization of interfacial phenomena (Fig. S1A) . The trough consisted of a milled Teflon interior with a continuous, stainless steel ribbon barrier to allow for monolayer compression to near-zero surface tension (52) . A maximum, barrier-enclosed surface area of 145 cm 2 and a minimum area of 50 cm 2 achieved a maximum compression ratio of ∼1:3. A miniature infrared thermocouple (OS36SM; Omega Engineering) measured the interfacial temperature to allow for control using a resistive, flexible heater (Minco) sandwiched underneath the Teflon trough in combination with a constant-temperature circulating water bath (Fisher Scientific), providing rough temperature control through a heat exchanger below the resistive heater. A filter paper Wilhelmy plate tensiometer (R&K) was calibrated using ultrapure water after allowing the interface to equilibrate to 21°C. A custom-milled Delrin cover designed with access for the microscope objective, tensiometer, and infrared thermocouple limited evaporation and reduced external airflow across the interface. Two concentric rings located in the center of the trough, made from stainless steel ferrules (Swagelok) with slits cut to allow for surfactant inflow and outflow (Fig. S1A) , reduced flow of material on the interface by minimizing surface tension gradients. Both rings were 4.9 mm in height, with the outer ring having a diameter of 9.5 mm and the inner ring having a diameter of 6.5 mm. The air-water interface in the trough was located at the top edge of the rings, and images were acquired from the region located within the inner ring. A cylindrical stainless steel insert reduced the subphase depth to ∼1 mm in the imaging area.
Isotherms. Lipid samples (DPPC, DPPG, POPC, POPG, and DChol) were prepared with or without 0.05 mol% TR at 1 mg/mL in chloroform. The trough subphase consisted of ultrapure water and, if appropriate, Rh123. Using a glass microsyringe, the pure lipids or lipid mixtures in chloroform were deposited on the interface dropwise. After waiting 5 min for chloroform evaporation, the trough was compressed at rates varying from 10 cm . The slower rate was used for dye adsorption experiments, whereas the faster rate was used for isotherm measurements.
Confocal Fluorescence Microscopy. Laser scanning confocal fluorescence microscopy was performed with a C1 confocal scan head fitted to an Eclipse 80i upright microscope (Nikon Instruments). A Nikon plan apochromatic 20× objective (1.0-mm working distance, 0.75 NA, air immersion, 170-μm coverslip correction) was used for all experiments in this work. To reduce spherical aberration, a 170-μm-thick, 12-mm-diameter round glass coverslip (catalog no. CSHP-No1.5-12; Bioscience Tools) was attached to the tip of the objective with small strips of adhesive tape because the objective is aberration corrected for use with a glass coverslip. The objective was heated to 30°C using a flexible, resistive heater for all experiments to prevent condensation on the objective. The smallest available pinhole size on the microscope was used (15-μm radius, 0.75-μm diameter projected at the focal plane) to achieve the best possible optical sectioning with the relatively low magnification objective used.
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Rhodamine 123
Rhodamine 123 (Rh123) has an aromatic ring structure that gives it substantial hydrophobic character; the octanol/water partition coefficient for Rh123 is 0.4-10. The ring structure of Rh123 is reminiscent of that of cholesterol and other sterols that coadsorb with phospholipids at air-liquid interfaces. We believe Rh123 adsorbs to the hydrophobic environment created by the lipid monolayer. Rh123 inserts into the LE phase of DPPC but is excluded from the LC phase, similar to the lipid dyes (i.e., TR). For lipid dyes, the accepted explanation for the distribution between phases is the inability of the large fluorophore conjugated to the lipid to pack in the semicrystalline LC lattice. We believe a similar steric exclusion restricts Rh123 from the LC phase.
Determining the Axial PSF To determine the experimental axial point spread function (PSF), we obtained z-stack images of a uniformly fluorescent plastic slide (Chroma Technology), using the 488-nm laser line for illumination. The fluorescent slide provided a step change in fluorescence intensity at the air-plastic interface. In an optical system, the measured response IðzÞ is formed by convolving the object OðzÞ with the PSF of the microscope, PðzÞ (1):
The object intensity, O(z), of the fluorescent slide can be represented by the Heaviside step function, H(z), with a value of 1 for z ≥ 0 and 0 for z < 0. Hence, the image of the slide is the convolution of the Heaviside function and the PSF, I slide ðzÞ = ðHpPÞðzÞ. In Fourier space, the convolution integral turns into multiplication of the Fourier transforms of H and P, where the hats denote the Fourier transforms:
I slide ðωÞ =ĤðωÞPðωÞ:
The Fourier transform of the Heaviside function iŝ
δðωÞ is the Dirac delta function. 
If DðzÞ ≡ d I slide ðzÞ=dz, thenDðωÞ = 2πiωÎ slide ðωÞ, so the inverse transform of the first term in Eq. S4 is d I slide ðzÞ=dz; the inverse transform of the second term is zero due to the ωδðωÞ term. Hence, the PSF of the microscope is the derivative of the intensity function of the fluorescent slide, PðzÞ = d I slide ðzÞ=dz. The microscope PSF can be obtained by differentiating the measured response (at 488 nm) from the fluorescent slide (Fig. S2A) (2) . An alternate way to determine the PSF was to examine the fluorescence intensity of a z-stack with a DPPC monolayer labeled with TR. To a good approximation, a fluorescent monolayer at the air-water interface can be represented as a Dirac delta function at the interface, OðzÞ = δðzÞ. Hence, the intensity profile of the monolayer can be determined from Eq. S1:Î mono ðωÞ = δðωÞPðωÞ =PðωÞ. Taking the inverse transform, IðzÞ = PðzÞ. Fig.  S2B shows the measured intensity profile of a TR-labeled DPPC monolayer that is similar to the PSF determined from the fluorescent slide. The increase from 2.5 μm to 3.1 μm full width at half the maximum intensity for the fluorescence peak of the monolayer (relative to the fluorescence slide, Fig. S2A ) was due the increased wavelength of the excitation and emission light (from about 500 nm to ∼600 nm) (2) . The shorter the wavelength was of the light used, the smaller the width of the PSF.
Axial Resolution and Surface Excess Quantification
A critical feature of confocal microscopy for imaging material at an air-liquid interface is its ability to distinguish between interfacial and bulk material. For two representative surfaces excesses of Rh123, Fig. S3 demonstrates how the axial resolution of the microscope (i.e., the full width at half maximum of the PSF) affects the ability to distinguish between interfacial and bulk fluorescence. At a half width of 2-3 μm, an interfacial peak is present at a surface excess of 10 molecules/μm 2 , but is not present at 2 molecules/μm 2 . Because the axial resolution of the microscope affects quantification of surface excess, the PSF should be characterized for the particular experimental conditions used to ensure accurate surface excess calculations, as was done in this work. Here, experimentally determining the PSF allowed for the measured axial fluorescence intensity profiles to be fitted using a two-box model with the interface location as a parameter. A previous attempt at using confocal microscopy to quantify surface excess at an air-liquid interface arbitrarily set the interface location to assign a portion of the area under the intensity profile to interfacial material (3), which likely led to incorrect surface excess quantification. As demonstrated by the profiles in Fig. S3 , the peak in the measured intensity profile does not coincide with the location of the interface. Instead, the interface location can be accurately determined by fitting the measured intensity profiles using an experimentally determined PSF.
Langmuir Adsorption Model
Classic Langmuir adsorption kinetics provided an excellent description of dye adsorption to the interface. Due to the relatively large subphase volume, the concentration of Rh123 in the subphase, [Rh123], remained constant during adsorption, d½Rh123=dt = 0. The monolayer was assumed to contain a fixed number of surface sites to which Rh123 could adsorb, S tot . Finally, the adsorption and desorption of Rh123 from the DPPC monolayer were assumed to follow first-order kinetics.
[S] is the concentration of unoccupied surface sites, [Rh123·S] is the concentration of surface sites with an adsorbed Rh123 molecule, k a is the adsorption rate constant, and k d is the desorption rate constant. These assumptions yielded a series of equations leading to Langmuir adsorption kinetics:
d½Rh123 · S dt = −ðk a ½Rh123 + k d Þ½Rh123 · S + k a S tot ½Rh123:
[S5d]
Defining the initial surface excess as Rh123 0 , a new time constant, κ = k a ½Rh123 + k d , and the equilibrium surface excess of Rh123, Rh123 eq = k a S tot ½Rh123=κ, the solution to Eqs. S5 gives the following kinetic model of adsorption:
½Rh123 · S = À Rh123 0 − Rh123 eq Á e −κt + Rh123 eq :
[S6]
The adsorption data for 4 nM, 8 nM, and 15 nM Rh123 in the water subphase provided values for [Rh123·S]. Eq. S6 was fitted to the adsorption data for 4 nM, 8 nM, and 15 nM Rh123, using the same values of S tot , k a , and k d and individual values of Rh s;0 for each concentration. The fits are presented in Fig. 3C , and the parameters are available in Table S1 . Fig. S4 demonstrates the difference between conventional widefield microscope images and confocal microscope images of DPPC (no TR added) monolayers on a water subphase containing Rh123. Confocal microscopy uses a pinhole aperture, placed confocal to the point source of illumination light, to block out-of-focus light from the sample. This eliminated the fluorescence from the subphase Rh123 that minimized the contrast in the widefield images. This optical sectioning maximized the contrast between the domains in the monolayer and allowed for quantifying the surface excess of Rh123. The full width at half maximum of the monolayer PSF, 3.1 μm, was wider than the plastic slide PSF, 2.5 μm, due to the longer wavelength of light (∼600 nm compared with about 500 nm) used for the TR dye in the monolayer. Fits to the experimental data are shown in Fig. 3C .
Confocal vs. Widefield Imaging
